Abstract. Ozone vertical profiles derived from nadir measurements of the GOME instrument on board the ERS-2 satellite, by means of the FURM algorithm of the University of Bremen, are validated against measurements with the stratospheric ozone lidar at the ALOMAR facility in NorthNorway. A set of 43 measurements, taken in the period August 1996 to September 1999 with a maximum distance between the ground-based site and the GOME pixel centre of 650 km, is used. The comparison shows a satisfactory agreement within less than ±7% in the altitude range 15 to 30 km, independent of the season of the year. At lower altitudes, average deviations of the GOME profiles from lidar measurements of up to −15% occur in spring, the reason for which has to be found in the FURM algorithm, while the agreement is within ±5% in both winter and summer/autumn months. At altitudes above 30 km, significant seasonally varying discrepancies occur, being largest in winter (−40% on average at 40 km altitude) and smallest in summer (less than −10%). The source of these deviations is most likely related to a radiance and irradiance calibration problem in the GOME data below 300 nm, which are used to derive ozone at the highest altitudes. The validation also shows that it is very important to choose the right ozone climatology for initialisation. Satisfactory results in spring 1997, when the polar stratospheric vortex was very stable, are only achieved, if a winter (vortex) profile is used.
Introduction
With the launch of the Global Ozone Monitoring Experiment (GOME) onboard the ERS-2 satellite in 1995, the European research community started a series of independent measurements of key atmospheric trace gases on a global scale (e.g. Burrows, 1991; ESA, 1995) . The use of the DOAS (Differential Optical Absorption Spectrometry) algorithm (e.g. Platt, 1994; Burrows et al., 1999) allowed the derivation of several constituents from the same data set but it also required a careful and comprehensive validation. This was done extensively with respect to the GOME standard products, i.e. ozone and nitrous oxide (NO 2 ) total columns, both during the commissioning phase in 1995/1996 and throughout the lifetime of GOME so far (e.g. ESA, 1996; Lambert et al., 1999; .
The derivation of ozone profiles was of a more experimental character; several parallel attempts have been made to derive an optimum of information on the vertical ozone distribution from the GOME nadir atmospheric backscatter spectra (van der A et al., 1998 , Munro et al., 1998 , 1999a , 1999b Hasekamp and Landgraf, 2001) .
In this paper, we present the results of a validation exercise for the profile algorithm, as described in Hoogen et al. (1999a,b) , which was termed the Full Retrieval Method (FURM). A first validation of this profile algorithm was performed using a large set of ozonesondes, which give reliable results below altitudes of about 28 km (Hoogen et al., 1999a, b) . In the framework of the European project GO-DIVA (GOME Data Interpretation, Validation and Application), ozone profiles derived from GOME measurements were validated by means of ozone profiles measured with the ALOMAR ozone lidar. With the lidar technique, reliable ozone profiles are obtained from about 10 km up to altitudes of 40 to 50 km, depending on observation conditions. These results are compared with past validation results using ozonesondes and other satellite instruments. 
Instruments and techniques

The Global Ozone Monitoring Experiment (GOME)
sensor and the FURM algorithm
The GOME sensor is a grating spectrometer aboard the ERS-2 satellite, which was launched in April 1995 (Burrows et al., 1999a) . GOME covers a spectral range from 240 nm to 790 nm, with a spectral resolution of between 0.2 nm (UV) and 0.4 nm (visible). It is a nadir viewing instrument, measuring the radiation scattered back or reflected from the Earth and its atmosphere. The short-wave region of GOME covers the Hartley-Huggins ozone bands, which contain information about the vertical ozone distribution. The Full Retrieval Method (FURM) algorithm utilizes this information to derive ozone profiles. FURM is an advanced Optimal Estimation inversion scheme, based on the radiative transfer code GOMETRAN as forward model to derive ozone profiles from the GOME UV spectra (Hoogen et al., 1999a, b) . GOMETRAN was specifically designed for the evaluation of GOME data without, however, being restricted to this particular application .
FURM consists of two major parts:
-the forward model GOMETRAN, a pseudo-spherical multiple scattering radiative transfer model, calculating the top-of-atmosphere (TOA) radiance for a given state of the atmosphere;
-an iterative inversion scheme that adjusts the above state to match that calculated with the measured TOA radiance, utilizing the so-called weighting functions also provided by GOMETRAN.
Since the inversion is under-constrained, an optimal estimation approach is used, combining the measurement information with statistical a priori information from an ozone climatology. This retrieval uses the statistics (zonal means and standard deviations) from Fortuin and Kelder (1999) as additional constraints. The present version also contains corrections of the instrument calibration. Additional retrieval parameters allow the algorithm to effectively improve the calibration. A detailed description of the FURM algorithm is given by Hoogen et al. (1999b) .
The ground pixel area covered by the GOME ozone profile is approximately 960 km (across-track) times 100 km (alongtrack). This area is larger than the footprint of GOME total ozone, derived using the DOAS method (320 km times 40 km). The reason for the large ground pixel size of the GOME profiles is the fact that the integration time below 307 nm is 12 s, while it is 1.5 s for all other GOME channels Hoogen et al., 1999b) . The continuous wavelength region of 290-345 nm was selected for the inversion.
The vertical resolution of the GOME profiles is, typically, 7-8 km, estimated from the full width at half maximum (FWHM) of the averaging kernels and increases above and below the region of the ozone number density maximum near 20-23 km altitude (Hoogen et al., 1999b) .
The ALOMAR ozone lidar
The Norwegian ozone Differential Absorption Lidar (DIAL) system is located at the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR) on the North-Norwegian island of Andøya (69.3 N, 16 .0 E, 379 m a.s.l.). The system is of standard design, using 308 nm as the "on" wavelength (ozone extinction) and 353 nm as "off" wavelength (reference atmospheric backscatter without ozone extinction). In the routine mode, backscatter profiles with a vertical resolution of about 100 m and a time resolution of, typically, five minutes are gathered. In order to calculate ozone profiles from 10 to 45 km altitude, about one hour of measurements has to be integrated. In addition, the backscatter profiles are summed up over 3 altitude channels, respectively, which yields an altitude resolution of about 300 m at best. However, since the DIAL method is based on the ratio of the slopes of the 308-and the 353-nm signal to calculate the density at a certain altitude, the ratios of the neighbouring altitudes have also to be used. The number of points to be included in the slope fit depends upon the signal-to-noise ratio of the backscatter profiles. In the case of the ALOMAR ozone lidar, in the lowest part of the profile, five points are used to calculate the slope; from an altitude of 25 km below the uppermost altitude and upwards the number of points is gradually increased from five to 33 points at the uppermost levels. Figure 1 shows a typical ozone profile as well as the altitude filter width used in the respective altitude. This method complicates the comparison with the GOME profile somewhat, since the altitude resolutions are comparable in the upper part of the profile, but not in the lower part. 
Results
In total, 43 single profiles from the period August 1996-September 1999 were compared. The distance between the lidar site and the centre point of the GOME pixel is 650 km or less. Seasonally, comparisons are limited to the periods late February to early May and late July to end of September. This is caused by two limiting factors:
-Currently, GOME profiles can only be derived with the FURM algorithm at solar zenith angles less than 75 • due to changes in integration times. At latitudes of 65 to 70 • , this excludes measurements in the period OctoberFebruary.
-The lidar in its basic technical configuration can be operated only at solar zenith angles of more than 93
• . This excludes measurements in the period 10 May -30 July at the instrument site (midnight sun).
Despite this strong limitation in the exploitable time windows, the data set used is of great value and is also representative because the measurements included cover periods when characteristic features of the ozone layer at sub-arctic latitudes occur:
-A relatively stable layer with minimum total ozone content (high tropopause level) in late summer and autumn.
-A highly variable ozone layer depending on the location of the site relative to the stratospheric polar vortex in late winter/spring. The used winter/spring profiles cover conditions with the site being outside and inside the polar stratospheric vortex; this has a profound impact on the ozone profile shape .
As already pointed out above, GOME and lidar measurements require contrary illumination conditions; GOME needs daylight, while the lidar requires darkness. This necessarily leads to a temporal offset of up to 12 h between ozone profiles to be compared. However, except in extreme situations during vortex-edge episodes, the temporal variability of the ozone layer is very limited and hardly noticeable after the convolution of the lidar profile with the GOME averaging kernel functions. Figure 2 shows four examples of single-profile comparisons. The thin solid lines with horizontal bars represent the lidar measurement (with its measurement uncertainty), while the bold solid line is the derived GOME profile. The dotted line shows the a priori (climatological) ozone profile used in the GOME algorithm. As already pointed out, the true vertical resolution of the two data sets is very different. In order to allow a more realistic comparison, the lidar profiles were convolved with the average kernel functions from the GOME profile retrieval; the resulting profiles are shown as dashed lines in Fig. 2 . As expected, this operation removes more or less all structures with vertical scales less than 5 km. A prominent example is the profile from 3 March 1998, with a strongly depleted layer from 13 to 18 km (lower right panel). This feature vanishes completely in the convolved lidar profile. Figure 3 , left panel, gives the relative deviations of the GOME profile from the convolved lidar profile of all 43 cases included in this analysis. The single-profile deviations are marked with dots, while the bold solid line gives the average deviation and the thin solid lines the standard deviation of the single relative deviations. The average deviations are less than 10% from about 9 to 34 km; from 18 to 30 km they are even less than about 2%. Below 15 km, the average deviation remains practically constant at −6%, while it increases monotonously above 30 km and reaches a maximum of about −25% at 44 km altitude. The standard deviation is also fairly constant (around 8%) in the 18-to-30 km range. It increases to about double that value at lower altitudes while it increases continuously above 30 km to reach a maximum of about 20% at altitudes above 40 km.
Using the original instead of the convolved lidar profiles does not change the results substantially. The average deviation profile based on the original lidar profiles is depicted as a dashed line in Fig. 3 ; it lies within ±5% of the average ratio based on convolved lidar profiles between 15 and 40 km. The discrepancy only increases at the uppermost altitudes, where the uncertainties of the lidar profiles become very large while, at the lowermost levels, there is a slight offset towards the zero deviation line.
The choice of a more restrictive maximum distance between the ground station and the GOME pixel centre does not have a strong impact on the comparison result, as the right panel of Fig. 3 demonstrates. There, only cases with a distance less than 300 km are included, a total of 24 out of the 43 cases. Both the average discrepancies and the standard deviation values of the discrepancies are practically the same as for the 650-km distance criterion. This is, at least partially, due to the fact that the across-orbit extension of the ground pixel of the GOME observations is larger than the distance criterion chosen. An even more restrictive maximum distance was not investigated because of the resulting small number of remaining cases.
As illumination conditions and a priori information from a climatology are important parameters in the analysis algorithm, seasonal sub-sets of the data were investigated separately. This analysis revealed a pronounced difference in the deviations at higher altitudes. Figure 4 shows the relative deviations for the 15 cases of the summer/autumn period. The average deviation between the GOME and the lidar profiles is obviously much better than for the entire data set; it remains within the ±10% range throughout the whole altitude range covered, i.e. from 10 to 45 km. The average relative deviation based on the original lidar profiles, on the other hand, oscillates much stronger around the deviation based on the convolved profiles. This is probably due to the very limited number of profiles included. The good agreement over the whole altitude range is particularly surprising, because the lidar measurement accuracy in late summer/early fall is lower than in winter due to the adverse background illumination conditions.
The results of an equivalent analysis for the winter/spring period is shown in Fig. 5 . The deviations in this season are significantly larger than for the summer/autumn cases over most of the altitude range, especially below 15 and above 30 km altitude, where values of −10% and +30%, respectively, are reached. The altitude dependence of the relative deviations is similar to the all-season case. The standard deviation of the relative deviations is comparable to that of the summer data comparison. The single profile deviations (dots) indicate that the larger deviations below 15 km altitude are mainly caused by few profiles with very large deviations, while most profiles remain in the ±10% range. A survey of the single profiles showed that these cases are characterised by significant ozone deficiencies (low-ozone laminae) in the GOME profiles, while such laminae are almost completely removed from the lidar profiles after convolution with the GOME average kernel functions. All of these occur during the late phase of the polar vortex (April and May 1997 and 1998) .
A further splitting of the winter/spring data set shows that the deviations for February/March (upper panel) and April/May (lower panel) differ widely (Fig. 6) . In February and March the deviations are constantly small (−6%) from 10 to 30 km, but increase rapidly at higher altitudes, reaching a maximum of −40% at 40 km altitude. In April and May, the large negative deviation at high altitudes observed in the preceding months reduces to about half of that value, although the relative deviations increase to +8% in the 20-to-30 km altitude range and up to −20% below 20 km.
Discussion
The above results allow us to divide the altitude range covered by both methods (9-45 km) into three regimes. Below 17 km, GOME on average underestimates the lidar measurements and the standard deviation of the relative differences is larger than in the altitude range above. At the lowest altitudes, this is not surprising, as they cover the tropopause region where large vertical gradients and also significant horizontal gradients can occur. Large vertical gradients on varying altitudes (because of changing tropopause heights) are smeared out in a climatology. In addition, the inversion results in a smoothed difference profile with respect to the reference a priori profile. Therefore, GOME can not reproduce rapid changes in the vertical gradient causing a systematic bias even in the mean difference. Comparisons between the ALOMAR lidar and ozonesonde profiles from Sodankylä (about 400 km SE of Andøya), launched almost simultaneously, have at times revealed large differences in the tropopause altitude with a severe impact on the ozone concentration in upper troposphere/lower stratosphere (UTLS) region (Hansen and Kyrö, private communication, 2002) .
The best agreement is found in the medium altitude regime extending from about 17 to 30 km, with average relative deviations of −5 to +8%, depending on the season. This is the region from slightly below the ozone maximum to about the upper half maximum of the ozone layer. Except in years of strong ozone depletion, this region in the ozone layer shows moderate or little short-time variability. The largest change with altitude of the deviations is found in the transition months April and May. This could be a consequence of the break-up of the polar stratospheric vortex at this time of the year with filaments and fragments of the vortex passing frequently over a station like ALOMAR. Such structures can cause a marked vertical variation of the ozone layer maximum over ranges less than the distance between groundbased and GOME measurement or times scales less than the mismatch between GOME and the lidar.
In fact, an extreme event of this type is covered by this study: In 1997, the polar vortex existed until early May which, compared to other recent cold winters, such as 1995/96 and 1999/2000, corresponded to a delay of vortex break-up by about a month (Coy et al., 1997; Hansen and Chipperfield, 1999; Weber et al., 2002) . Therefore, the monthly ozone climatology used in FURM is not representative for April 1997. One should also keep in mind that the Fortuin-Kelder climatology was derived from data available before 1991 (Fortuin and Kelder, 1998) . In this specific case the March climatology was used as a priori information in the FURM retrieval. The current GOME ozone profile retrieval contains an effective calibration correction introducing additional fit parameters. To separate properly the ozone information contained in the spectra from the calibration errors, the a priori information has to be carefully selected to stabilize the retrieval solution. The upper right panel of Fig. 2 shows an example from April 1997 with reasonable agreement with the collocated lidar profile.
The deviations in the two lower altitude regimes discussed so far can be compared with results of , who validated GOME profiles with ozonesonde profiles from, among others, Sodankylä, Finland, which is almost at the same latitude as Andøya. The Sodankyl data set covers a period of one year, but consists of only 19 single comparisons. As at Andøya, the illumination conditions exclude GOME profiles in late autumn and winter, while they may contain midsummer comparisons. Although the deviations found by Hoogen et al. are within a standard deviation of the present study, the vertical variation of the deviations is quite different. Firstly, they are generally shifted towards positive deviations and, secondly, they reveal two deviation maxima, at 12 and 25 km altitude, which are much less pronounced in the lidar GOME comparison. One should also note that there are substantial differences between the average deviation profiles from the various ozonesonde stations, especially in the 20-to-30-km altitude range which are not explained by .
In the uppermost altitude regime (above 30 km), which is not covered by the ozonesonde analysis of Hoogen et al., there is a marked change in the deviations from winter to summer/autumn, being (negatively) largest in winter, reduced in spring and smallest during summer. This indicates that the problem is linked to solar elevation or illumination conditions. Although a contribution of the increased uncertainty of the lidar profiles at the uppermost levels cannot be ruled out, the problem is most probably inherent to the GOME data. Figure 7 shows the ratios between the a priori and the fitted GOME profiles for the whole data set. With three exceptions, all a priori profiles were changed by Fig. 7 . Profiles of the ratio between the GOME profile calculated with FURM and the respective a priori profile used in the calculation for all cases analysed.
FURM towards smaller values above 33 km with a maximum change of up to −50% at about 40 km. At other altitudes, the modification is mainly negative but here numerous positive modifications of the same size also occur. The reason for this behaviour is most probably found in calibration problems in the wavelength region below 300 nm of the GOME sensor. As the intensity of the signal is decreasing rapidly below 300 nm, the signal-to-noise ratio is much worse. In addition, the degradation of the instrument increases with shorter wavelength. Because the degradation depends on the scan mirror position, the use of sun-normalised radiation cannot completely cancel the effect. Below 290 nm, NOγ -Bands occur, which cannot be described by the used GOME-TRAN version and, therefore, are not used in the present version of the algorithm. The shorter wavelength gives information about the higher levels of the atmosphere; using wavelengths above 290 nm limits the reliable altitude range to about 35 km.
These findings, at altitudes above 30 km, can be compared with the results of a validation study with HALOE measurements by Bramstedt et al. (2002) . In the 60 • -to-80 • N latitude band, during the summer months this study revealed deviations shifted towards positive values compared to this study with a maximum of about +18% at 25 km and more than 15% all the way up to 40 km while it approaches the results presented here at lower altitudes. In winter/spring, the deviations and the large deviation gradient above 25 km altitude is quite similar to our findings, confirming the hypothesis that the reason is to be found in the GOME data set. At lower altitudes, GOME values are larger than HALOE values, which implies that the HALOE data underestimate ground-based high-resolution data. This is in agreement with results from other validation studies including ground-based measurements and satellite limb measurements (e.g. Hansen et al., 1998) . Here, one can in fact expect that nadir measurements, such as those from GOME, are closer to highresolution point measurements than limb measurements.
Conclusions and outlook
Although this validation study is based on a very limited data set (43 profiles), it allows some important conclusions on the quality of GOME vertical ozone profiles. The comparison with lidar measurements at a sub-Arctic station revealed a satisfactory agreement in the 15-to-30 km altitude range. This is important with respect to the quantification of stratospheric ozone loss, which occurs almost completely in this altitude range Weber et al. 2000) . At lower altitudes, the agreement is less good, mainly due to the increased natural variability of the ozone layer there combined with the horizontal resolution of the GOME instrument. It is, therefore, doubtful whether this situation can be improved. At high altitudes (>30 km), the GOME data set reveals significant seasonally varying deviations from the ground-based measurements. These are probably due to a problem with (level-1) UV irradiance data from GOME, which has prevented the use of short wavelengths below 290 nm containing most information on ozone at higher altitudes. Work on this problem is underway, aiming at improving the straylight and dark current characterisations. A successful completion of these efforts will improve the radiometric calibration below 300 nm and eventually permit the use of wavelengths below 290 nm in the profile retrieval.
